ABSTRACT
INTRODUCTION
In recent years, rapid developments in the area of molecular genetics have made it possible to perform DNA analysis on materials such as bloodstains, semen stains, and other biological materials as evidence in forensic casework (5, 21) . The sensitivity of the PCR method has even made it possible to analyze very old and degraded DNA material (10, 13, 19) . Moreover, the ability to analyze DNA by PCR has made it possible to type a wider range of biological material found at the scene of a crime. Saliva stains, teeth, skeletal remains, shed hairs (4, 11, 12) , skin cells (15) , and fingerprints (30) on various items are frequently used as evidence materials today. In fact, a majority of the evidence materials found at a crime scene contains sufficient amounts of DNA for genetic analysis.
Most of the laboratories worldwide that perform routine casework analysis have focused on fragment size analysis of multiplex short tandem repeat (STR) loci. The STR analysis is highly discriminating and well established as a routine forensic diagnostic tool. The large National DNA databases with STR profiles from crime scene materials and convicted felons provide a major advantage in nuclear DNA analysis. However, there are several evidence samples where the nuclear DNA is too scarce to perform a multi-locus STR analysis. In these cases, mtDNA can often be used as an alternative genetic source because of the high number of copies per cell. Sequencing of mtDNA has proven very useful for criminal investigations where the evidence materials have been in very small amounts or severely degraded, such as in hair shafts and bones (3) . In routine mtDNA analysis, HVI and HVII, the two most hypervariable regions of the control region (the D-loop), are sequenced. The method has proven to be extremely sensitive, with the potential to amplify and sequence 30 fg DNA or approximately 10 mtDNA molecules (3) . This analysis has been tested and further evaluated on a variety of materials containing minute amounts of DNA in our laboratory. Items such as shed hair, jewelery, spectacles, shoes, clothes, wigs, fake moustaches, baseball caps, and cellular phones are often found at crime scenes, and the DNA analysis of these materials has proven very valuable in forensic investigations. A major drawback of using conventional sequencing (28) of the D-loop is the time consuming procedure. For example, a case with 4-6 samples may take several weeks to complete because several tests have to be performed sequentially from each sample to safeguard results.
The extended variation in mtDNA among individuals has been studied for forensic analysis using mainly Sanger sequencing. Sanger sequencing analysis is an elegant but labor-intensive method involving multiple steps and an electrophoretic slab-gel separation of DNA fragments. Methods that are less labor intensive have been developed, such as sequence-specific oligonucleotide (SSO) analysis hybridization (29) , minisequencing (16) , and immobilized SSO probes (22) . These methods are easy to perform in a few hours, but their discrimination power is substantially lower in comparison with a sequence analysis. These systems are designed for analysis of 12 to 23 of the most polymorphic sites in the mtDNA Dloop rather than the full sequence resulting in a lower probability of a random match. Consequently, these systems are used mostly for pre-screening to exclude mtDNA identity between samples. Whenever the pre-screening analysis indicates an mtDNA match between two samples, a complete sequence analysis is used to further confirm the identity between the samples. With the development of the rapid high-throughput technologies for genetic analysis such as DNA microarrays and pyrosequencing, alternative methods for forensic identification are emerging (20, 27) .
Pyrosequencing ™ was first developed for expressed sequence tag sequencing and sequencing of short stretches of DNA but has mainly been used for detection of known single-nucleotide polymorphisms (SNPs) (17, 24, 27) . In comparison to many other techniques for SNP analysis, pyrosequencing is very quick, robust, easy to use, and has a high-throughput capability (2, 24) . The actual SNP genotyping reaction of 96 samples is performed in less than 10 min (1). Pyrosequencing is a non-electrophoretic single-tube DNA sequencing method that uses an enzyme cascade system to monitor DNA synthesis. The technology is based on the detection of released pyrophosphate (PP I ) during DNA synthesis (24) (25) (26) . Nucleotides are added one at a time to the reaction, and if the nucleotide is incorporated, pyrophosphate is released and converted to ATP by ATP-sulfurylase. Luciferase uses the ATP to generate detectable light. The amount of light generated is proportional to the number of nucleotides incorporated. If the added nucleotide does not form a base pair to the DNA template, then the polymerase will not incorporate it and no light will be produced. Instead, the nucleotide will be degraded rapidly by apyrase. The addition of successive rounds of nucleotides and the detection of emitted light are performed in an automated instrument. This new method for the detection of known SNPs or short DNA sequences is gaining widespread use in many areas.
The turnaround time for the forensic analysis of mtDNA can be reduced substantially using pyrosequencing to determine the mtDNA sequence. Further developments in pyrosequencing technology [sequence analysis (SQA)] have made it possible to easily determine short stretches (50-100 nucleotides) of a DNA sequence. Sequence analysis has proven to be successful on fragments up to 109 bp of the p53 gene in one single pyrosequencing reaction (9) .
Even though the analysis still has to be repeated several times, the total analysis time can be reduced from several weeks to a few days. This will allow the use of an mtDNA analysis during the first important days of a criminal investigation.
Although the discrimination power is far from what can be obtained when analyzing multiplex nuclear markers, Dloop analysis provides a very useful tool for the DNA analysis of limited DNA samples. A way to increase the discrimination power of forensic mtDNA analysis is to analyze polymorphisms in the coding region in addition to the D-loop region. There is a lack of completely analyzed mitochondrial genomes submitted to public databases that can be used to select informative SNPs. Therefore, a database of completely sequenced mitochondrial genomes from 26 individuals of Swedish origin has been established.
This pyrosequencing assay, developed for forensic mtDNA determination, is based on the analysis of 13 PCR fragments, covering the most informative sites in the entire mitochondrial genome. The system relies on the analysis of a total of 19 pyrosequencing reactions, 4 HVI, 4 HVII, and 11 coding region reactions. This will allow the analysis of the most discriminating regions of the entire mtDNA genome for forensic identification using a PSQ™ 96 System (Pyrosequencing AB, Uppsala, Sweden). A forensic typing assay enabling the analysis of the D-loop and parts of the mitochondrial coding region is suitable for the routine analysis of a wide range of forensic materials with limited and degraded DNA. Moreover, the turnaround time is shorter and the discrimination power is higher in comparison to conventional D-loop sequencing alone.
MATERIALS AND METHODS

DNA Preparations
Human DNA was extracted from peripheral blood lymphocytes of 190 Swedish blood donors to serve as control samples. The forensic evidence materials were purified by one of three methods. The Wizard ® Genomic DNA Extraction Kit (Promega, Madison, WI, USA) was used to extract DNA from most of the evidence materials collected by cotton swabs and blood. Chelex ® 100 (Bio-Rad Laboratories, Hercules, CA, USA) was used to extract DNA from bloodstains. This method was developed for extracting DNA from forensic samples (32) . Hair samples were extracted using an extraction procedure based on proteinase K and DTT (31) .
Primer Design and PCR
The software Primer Express ™(Applied Biosystems, Foster City, CA, USA) was used for PCR and sequence primer design. An optimal target selection was made to cover most of the informative polymorphism in the D-loop. On the basis of the determined heterogeneity in the Swedish and other populations (14) , a number of informative regions outside the D-loop were chosen for analysis in addition to the D-loop. These regions are highly polymorphic, with SNP frequencies in a range between 0.15 and 0.50, serving as suitable mt -DNA markers for forensic identification.
HVI and HVII were PCR amplified in two separate reactions. Each of the two templates was analyzed using four sequencing primers per fragment, including the forward PCR primer. A large number of the polymorphisms in the D-loop will be determined based on these eight short overlapping sequences. The coding region fragments were amplified in 11 separate reactions, followed by analysis in 11 pyrosequencing reactions using the forward PCR primer as sequencing primer. Each of the regions outside the D-loop contains from two to eight polymorphic sites within the range of nucleotides (50 nucleotides) that can be read by the SQA reaction. Control-sample PCRs contain 1.5 µ L DNA, 200 nM of each primer (Table 1) The amplifications were performed in a GeneAmp PCR System 9600 (Applied Biosystems). The samples were kept for 10 min at 95°C, followed by 40 cycles of 30 s at 95°C, 45 s at 60°C (53°C for the coding region primers), 60 s at 72°C, with a final extension step for 7 min at 72°C.
Template Preparation and Pyrosequencing Reaction
Streptavidin-coated beads were used as a solid-phase support to obtain single-stranded biotinylated PCR products, as described by Pyrosequencing AB.
When necessary, 440 ng Single-Stranded DNA Binding Protein ® (SSB) (Amersham Pharmacia Biotech AB, Uppsala, Sweden) were added to the primed DNA template before pyrosequencing (23 
RESULTS
The analysis of the mitochondrial D-loop was performed using two separate PCR fragments. The HVI and HVII fragments were analyzed in eight separate pyrosequencing reactions. To evaluate the pyrosequencing technology in forensic analysis, a number of control samples were analyzed. In total, 190 samples were analyzed for HVII, 120 samples were analyzed for HVI, and, finally, 50 forensic evidence materials were analyzed for HVII. The results have been compared with D-loop sequencing data from these individuals.
The pyrosequencing of the HVII reactions yielded a read length of more than 30 nucleotides in the sequence analysis of the control samples without manual editing and more than 50 nucleotides in general after editing. Among control samples and evidence materials, the HVII sequencing reactions could be read satisfactorily without any further optimization. The HVI reactions required further optimization to reduce the background and extend the read length. The addition of the SSB to the HVI reactions extended the read length up to 27 nucleotides before editing and 50 nucleotides in general after editing ( Table 2 ). The longest read length, 71 nucleotides, was obtained when analyzing the HVII reaction II 162. The shortest read lengths, 45 nucleotides after editing, were seen in the HVII 216 and HVI 16105 reactions ( Table 2) . Some of the reactions show a large difference in the number of nucleotides that can be read before and after editing. The difference is due to problems with reading the number of incorporated nucleotides in the homopolymeric regions. This creates a frame shift in comparison with the reference sequence but can easily be overcome by manually editing the sequence. The inherent problem to sequence through homopolymeric regions has been shown to be reduced by the addition of SSB in the pyrosequencing reaction. The use of SSB results in longer read lengths, increased signal intensity, and more accurate base-calls in homopolymeric regions (23) .
The results of the eight HVI and HVII pyrosequencing analyses were aligned and compared with the reference D-loop sequence to evaluate the coverage in the specific region. Approximately 69% (153/222 nucleotides) of the HVII region was covered before editing and 95% (211/222 nucleotides) after editing of the sequences. Similarly, 42% (96/226 nucleotides) of the HVI region was covered before editing and 82% (185/226 nucleotides) after editing. However, the lack of complete coverage will only result in the exclusion of three known polymorphic sites for HVII within the 222 nucleotides in this analysis. These polymorphisms are not very common among our Swedish control samples, showing a frequency of 1/355 individuals for two of the polymorphisms and 8/355 for the third polymorphism. After editing the sequence, 84% of the HVI region was covered. This results in a loss of nine polymorphic sites in the analysis. These polymorphisms are somewhat more common than the uncovered sites in HVII among our control samples (ranging from 1/318 to 31/318). All HVII and HVI sequences, from both control samples and evidence material, could be confirmed to 100% (120/120 individuals) when compared with data from previous termination sequencing of the D-loop.
Pyrosequencing was further used to sequence 11 mtDNA coding regions in 36 previously sequenced control samples. The 11 regions were chosen to cover the most informative sites throughout the entire mitochondrial genome using the available complete mtDNA sequences. The results obtained using pyrosequencing were 100% identical to those obtained by the Sanger sequencing method. Also here, some of the reactions required the use of SSB to obtain longer read lengths ( Table 3 ). The analysis of the coding region yielded 12 to 39 nucleotides before editing and generally 50 to 60 nucleotides after editing. The addition of SSB improved the read length for some fragments and reduced the background signal for other fragments. The longest read length was obtained in the analysis of fragment C 12346, where 67 nucleotides could be read. The shortest read length was seen for the fragment C 431, where only 31 nucleotides could be read. In addition, the fragment C 8665 revealed only 35 nucleotides in the analysis (Table 3) . However, this fragment was analyzed, limiting the number of dispensations to 60, in contrast to the 96 that were normally used. Allowing 96 dispensations for this fragment will probably extend the read length up to 20 additional bases. In the pyrosequencing analysis of all coding region fragments, there were a total of 20 different SNPs detected among 36 individuals. Each coding region fragment was found to contain between 0 and 4 different SNPs (Table 3) . Among all SNPs five (in four different fragments) were detected in frequencies between 19% and 50%.
To evaluate the system on limited amounts of DNA, 50 actual casework samples previously studied by termination sequencing were analyzed by pyrosequencing. Among the evidence materials analyzed using pyrosequencing were robber hoods, wigs, moustaches, shoes, mobile phones, watches, knives, guns, and fingerprints. In addition, saliva from very old letters (1953) and paraffin-embedded tissue were analyzed. Results using pyrosequencing on the forensic samples were completely comparable with the results obtained using termination sequencing. Pyrosequencing of HVII yielded, on average, more than 30 nucleotides in the analysis of the old evidence materials without manual editing and more than 50 nucleotides after editing.
Furthermore, pyrosequencing analysis was used in a forensic case ( Figures  1 and 2 , and Table 4 ). The case involved the brutal murder of an elderly woman. During the investigation, two shed hairs were found on the victim. Analysis of the two hairs showed that neither of the hairs could have come from the suspect.
DISCUSSION
There is a strong need to establish efficient technology platforms in the area of forensic analysis to meet the requirement for the rapid and reliable identification of the origin of diverse biological materials. The described analysis of mtDNA for identification purposes based on pyrosequencing technology meets these requirements. Pyrosequencing has proven to be successful for the sequence analysis of the two PCR fragments covering the two highly informative HVI and HVII regions of the D-loop and several regions outside the D-loop. A large number of blood donor samples and forensic evidence samples have successfully been analyzed. Most of the pyrosequencing reactions read routinely between 40 and 50 bp with high accuracy.
Combining the results of the eight HVI and HVII pyrosequencing reactions altogether cover approximately 56% (249/448 nucleotides) before editing and 88% (396/448 nucleotides) after manual editing of the PCR frag -R e searchR e po r t An average estimation based on the analysis of 96 individuals. system is optimized further. Also, a redesign of some of the sequencing primers might solve this problem. Further, the coding region fragments were analyzed with high accuracy in the analysis of control samples. All fragments were read between 31 and 67 nucleotides after editing, and the majority of the fragments could routinely be read over 50 nucleotides. Overall, 20 different SNPs were detected within the 11 coding region fragments, of which some were very frequent. Different cyclic dispensation orders of dNTPs were found to be suitable for different regions ( Table 1 ). The read lengths were extended and the background was reduced by choosing optimal dispensation orders. A manually programmed dispensation order adapted to the analyzed sequence can increase the read length even further. This is done by entering the order of the nucleotides expected from the reference sequence with additional nucleotides in positions where polymorphisms are likely to occur (9) .
An important issue in forensic analysis based on the analysis of mtDNA is heteroplasmy (8) . Although heteroplasmy is relatively rare, misinterpretations can be made if appropriate precautions are not taken (7) . A major advantage in the analysis of heteroplasmy and DNA mixtures is the ability to quantify specific amounts of the two separate DNA types in a sample. An assay based on pyrosequencing has been used to quantify virus copy number in the presence of a competitor (18) . Moreover, pyrosequencing has been used to determine population frequencies for SNPs in large pools of samples (Application note; http://www.pyrosequencing.com/ pages/applications.html). Although the technology has been used for quantification purposes previously, further investigations are necessary to evaluate pyrosequencing on heteroplasmic and mixed forensic samples. In cases where the mtDNA type found in the evidence materials matches the mtDNA type of a suspect, it is necessary to estimate the frequency distribution of that particular mtDNA sequence in the relevant population. A database of complete D-loop sequences from 350 Swedish individuals has been established. Furthermore, the frequency of the informative sites in the coding regions will be determined in the Swedish population. Here, the pyrosequencing method can be used for a rapid generation of reference databases. The estimation of the heterogeneity in the coding region among the 350 control individuals will further be used to optimize the assay. The eight most informative regions in the coding region will be chosen for analysis in routine forensic casework. Thus, a complete analysis will include 16 pyrosequencing reactions, eight reactions for the D-loop and eight reactions for the coding region.
A major problem in forensic analysis is the limited amount of DNA available, and it is therefore preferable to limit the number of reactions to a minimum. Forensic material is also very often degraded and may contain inhibitors that will lower the efficiency of the reaction. In view of this, a multiplex PCR system is under development. The analysis will be performed on the products from two to three multiplex PCRs rather than 13 separate reactions. The pyrosequencing assay for mtDNA analysis is very flexible, and other polymorphic markers suitable for forensic analysis can easily be added in the future. Such additional markers can include mitochondrial or nuclear markers, either as single SNPs or sets of SNPs within a short stretch of DNA. To a large extent, this assay can be used instead of the conventional Sanger sequence analysis in forensic investigations, and the high sensitivity makes it well suited for the analysis of most of the evidence samples found at crime scenes. In addition, one or several pyrosequencing reactions can be used to pre-screen samples to reduce the number of samples that require a full sequence analysis to a minimum. Generally, mtDNA analysis is employed mainly in severe, violent forensic cases. Further developments of the mtDNA analysis may stimulate the use of this method in other categories of cases as well. The technology can, to a large extent, be automated and may in the future be developed into a fully automated system that minimizes the errors caused by sample mix-ups or pipetting variation.
In conclusion, the pyrosequencing R e searchR e po r t 
